The harmful effect of nickel ions released from conventional stainless steel implants has provided a high level of motivation for the further development of nickel-free stainless steels. In this paper, the microstructure of medical-grade nickel-free stainless steel powders, with the chemical composition of ASTM F2581, is studied during mechanical alloying and subsequent annealing. Rietveld X-ray diffraction and transmission electron microscopy evaluations reflect nanocrystallization, austenitization and amorphization of the powders due to mechanical activation. It is also realized that annealing of the as-milled powder can develop a single austenitic structure with nanometric crystallite sizes, implying a considerable inherent resistance to grain growth. This study demonstrates the merit of mechanical alloying and subsequent annealing in the development of nanostructured medical-grade stainless steels.
Introduction
Austenitic stainless steels, typically AISI 316L, are conventionally utilized in orthopedics; nonetheless, problems have been realized with theses medical grade alloys. The most important problem is the harmful effect of nickel ions released from the implants due to corrosion, wear and so on [1] , providing a high level of motivation for the further development of nickel-free ones. In ASTM standards, two nickel-free medical grade stainless steels have been imported: ASTM F2229 and ASTM F2581. In the recent years, a number of in vitro and in vivo studies have been conducted on ASTM F2581 alloy, typically from the viewpoints of biocompatibility, osseointegration, and corrosion behaviors [2] [3] [4] [5] [6] [7] .
On the other hand, nanomaterials have been the subject of widespread researches over recent decades. Nanocrystalline materials are structurally characterized by a large volume fraction of grain boundaries, which may significantly alter their physical, mechanical, and chemical properties in comparison with conventional coarse-grained polycrystalline materials [8] . It is well established that mechanical alloying (MA) is a capable process to synthesize a wide variety of equilibrium and non-equilibrium structures including nanostructured and amorphous powders. MA is a solid-state powder processing technique involving repeated welding, fracturing, and rewelding of powder particles in a high-energy ball mill [9] .
There are a number of reports on mechanical alloying of nickelfree stainless steel, dealing with nanocrystallization, austenitization, and amorphization, for instance Refs. [10, 11] . Additionally, liquid-phase sintering of mechanically-alloyed stainless steel powders, with the chemical composition of ASTM F2581, using a Mn-Si sintering aid has been detailed recently [12] [13] [14] . However, no work has been reported on its detailed structural evolution during mechanical alloying and subsequent annealing. In this research, the mechanical alloying and austenitization behaviors of ASTM F2581 stainless steel powders are investigated via Rietveld X-ray diffraction and transmission electron microscopy.
Experimental
Elemental powders of Fe, Cr, Mn, Mo, Si, and C (supplied by Merck) and iron nitride powder (Fe x N; x = 2-4, supplied by Alfa Aesar) with the nominal composition of Fe-17Cr-10Mn-3Mo-0.4Si-0.5N-0.2C (wt.%) (ASTM F2581) were used as the raw materials. Our quantitative XRD studies on the as-received nitride powder showed that it is composed of Fe 3 N and Fe 4 N compounds, where x = 3.27 at Fe x N (the calculated nitrogen content was confirmed by LECO). Milling was performed by using a Sepahan planetary ball mill under an argon atmosphere with a ball-to-powder weight ratio of 20:1 at a rotation speed of 500 rpm for 24, 48, 72, 96, and 120 h, in a tempered steel bowl (capacity = 150 mL). diameters with a chemical composition of Fe-1.5Cr-0.9C-0.8Si-0.5Mn were used in this work.
The structures were characterized by X-ray diffraction experiments (XRD, Shimadzu Lab X-6000 with Cu Ka radiation) with a step size of 0.03°and a step time of 4 s. The XRD qualitative and quantitative analyses were conducted by X'Pert HighScore and MAUD programs respectively. The MAUD software employs the Rietveld refinement to estimate the crystallite sizes (by the Double-Voigt approach) and the amorphous contents. The latter was determined by analyzing the XRD data of a mixture of the milled powders and a standard, with the weight ratio of 75:25. In this work, Mn powders milled for 5 h with an average crystallite size of 23 nm were employed as the standard, because Mn has an X-ray mass attenuation coefficient close to the stainless steel; milling of the Mn powder also increases the size compatibility of the mixture components. In addition, a transmission electron microscope (TEM, FEI-Tecnai G2F30) was used to investigate the structure and XRD results validity.
To obtain a single austenitic structure which is of the essential requirements of implants, the selective as-milled powders were encapsulated in evacuated quartz tubes (10 À3 atm), annealed at 1000, 1050, 1100, 1150, 1200, 1250, and 1300°C for 90 min, immediately water-quenched, and characterized via XRD.
Results and discussion
Fig. 1a presents the XRD pattern of the stainless steel powders milled for the different milling durations. No characteristic peak of the constituent elements and nitride used was detected in the XRD data, i.e. mechanical activation introduced by milling is enough for the complete break-up and dissolution of the nitride and elements into the iron lattice. The presence of crystalline ferrite (a) and austenite (c) phases is recognized in the XRD data.
Since the amount of the a phase, as shown below, is low, its reflections cannot be observed and its presence could be merely detected by the Rietveld method.
To analyze quantitatively the XRD date, the MAUD Rietveld method was employed. Typically, Fig. 1b and c demonstrates the XRD pattern and fitting curve obtained by Rietveld-analyzing the mixture of the 120 h milled stainless steel powder and the standard, where a satisfactory fitting is observed between the experimental and calculated patterns. The weight percentage of the amorphous phase (A) is estimated by the following equation [10] :
where W s is the percentage of the standard mixed (i.e. W s = 25%) and R s (%) is that measured by the Rietveld analysis. Obviously, always W s 6 R s , because the XRD quantitative phase analysis cannot directly consider the amorphous phase. The a and c phase fractions calculated by the Rietveld analysis multiplied by (100 À A) is the actual percentage of the a and c phases in the as-milled powders. The results of the XRD analyses on the as-milled powders are summarized in Table 1 , in which three phenomena are noticeable: nanocrystallization, austenitization and amorphization. The bright-field TEM micrograph and selected area diffraction (SAD) pattern of the stainless steel powder milled for 120 h are provided in Fig. 2a . The TEM micrograph includes nano-sized dark regions embedded in a bright matrix. It is noteworthy that in bright-field TEM images those crystallites which are close to a zone-axis orientation appear dark; in contrast, all crystallites which are far off a zone-axis orientation appear bright like amorphous phases. The SAD pattern contains diffraction spots of the crystalline phases and the halo pattern of the amorphous phase, suggesting that the material has an amorphous/nanocrystalline structure. Since the amorphous phase content is not considerable, individual SAD patterns of the crystalline and amorphous phases could not be taken. Fig. 2b shows the high-resolution TEM micrograph of the stainless steel powder milled for 120 h, in which the atomic arrangement consideration shows a nanocrystal embedded in the amorphous matrix. In addition, the crystalline regions embedded in the amorphous matrix and the presence of an amorphous band at the edge of the powder particle (Fig. 2b ) the heterogeneous nucleation of the amorphous phase from grain boundaries of the crystalline phases and the external surface of the particles as high-energy places which are preferential for nucleation [15, 16] . It can be also concluded that the TEM and XRD results are in good agreement. The observed structural transitions are discussed as follows.
Nanocrystallization
The substantial grain refinement during milling is explained by the well-established phenomenon of severe plastic deformation applied due to the actions of the milling media [9] . Furthermore, the role of the interstitially dissolved elements (C and N) in the accelerated structural refinement is noticeable. Nitrogen [10] and carbon [17] atoms are segregated at dislocations and grain boundaries, fixing the dislocations and stabilizing the grain boundaries. Consequently, the trickling down of mobile dislocations on the fixed dislocations contributes to the nucleation of new boundaries and a severe grain refinement. A similar contribution to structural refinement has been attributed to the interstitial dissolution of boron in mechanically alloyed cobalt-based powders [18] .
Austenitization
The formation of the austenite phase in the powders originates from the dissolution of the austenite stabilizer elements (Mn and particularly C and N) into the iron lattice. Moreover, the structural refinement to the nanometric scale favors the austenitization transition. Clearly, the grain refinement increases the volume fraction of interfaces (grain boundaries). Since the austenite/austenite interface has a smaller energy than the ferrite/ferrite and austenite/ferrite interfaces, austenitization is favorable [17] . Note that the initial increase in the austenite content suggests that the ferrite-to-austenite transformation prevails over amorphization; on the contrary, the subsequent decrease is indicative of the domination of the latter on the former.
Amorphization
It is considered from several viewpoints, as follows:
(a) Severe plastic deformation: The severe plastic deformation
and extreme structural refinement occurring during milling increase the density of defects and the constraints of neighboring crystallites, thereby decreasing the stability of the crystalline structure and promoting amorphization [10, 19] . (b) Atomic size mismatch: A large atomic size mismatch among the constituent elements induces significant strains to the lattice and increases the strain and free energy of crystalline phase. This effect can cause the crystals free energy to exceed the amorphous free energy, encouraging amorphization [11, 20] . Particularly, carbon and nitrogen have considerable atomic size differences with the other constituent elements (Fe, Cr, Mn, Mo, Si, N, and C atoms are 156, 166, 161, 190, 111, 56, and 67 pm in size). (c) Heat of mixing: a negative enthalpy of mixing among the constituent elements dictates a strong interaction among them and a better atomic level intermixing, thereby providing the driving force for amorphization [21] . Indeed, this effect prevents the formation of more stable phases like nitrides and carbides compared to the metastable amorphous phase. Particularly, when Cr, Mn, Mo with a high affinity for N and C are added to the alloys, the intermixing of the constituent elements and amorphization readily occur. The observed slower kinetics of amorphization compared to Ref. [10] is due to the fact that in this work the milling system is closed; nevertheless, in the work of Ref. [10] milling was accomplished under a nitrogen atmosphere, where the content of nitrogen having a major contribution to amorphization increases progressively.
To obtain a single austenitic structure, the 120 h milled powder was heat-treated at 1000, 1050, 1100, 1150, 1200, 1250, and 1300°C. The ferritescope measurements showed that only the temperatures of 1150, 1200, and 1250°C yield a nonmagnetic structure which is of the essential requirements of orthopedic implants. According to the XRD analyses, annealing at the lower and higher temperatures leads to the existence of an amount of alpha (a) and delta (d) ferrite accompanied by austenite (c) respectively. The ferrite phases (a and d) should not exist in implants, not only from the viewpoint of corrosion resistance but also because ferrite is a magnetic phase and magnetic alloys may be dislodged in magnetic fields [22] . The XRD pattern of the nonmagnetic samples, i.e. heat treated at 1150, 1200, and 1250°C is illustrated in Fig. 3 . The results of the XRD quantitative analysis are also listed in Table 2 , indicating that the ferrite content is negligible. It is noteworthy that annealing at 1150°C develops a structure of 74 nm in crystallite size, which reflects a considerable thermal stability and an inherent resistance to grain growth. The high thermal stability of these mechanically-alloyed powders against grain growth has been confirmed by TEM observations [13, 14] . Typically, Cisneros et al. [23] reported austenite grain sizes smaller than 70 nm for mechanically alloyed Fe-18Cr-11Mn-(0.27-2.47)N stainless steel nanostructures after annealing at 900, 1000, 1100, and 1200°C for 2 h. It is known that grain growth is strongly controlled by grain boundary diffusion and mobility. The factors affecting grain boundary mobility in nanostructured materials include grain boundary segregation, solute impurity, porosity, chemical ordering, and second phases. Indeed, in this study, solute drag effects combined with the typical contribution of carbon and nitrogen are expected to retard grain growth. The solubility of the interstitially dissolved atoms of nitrogen and carbon in the crystalline phases is limited; thus, they tend to segregate at grain boundaries to decrease strain energy, thereby retarding grain boundary mobility [24] . Studies on liquid-phase sintering of this type of medical-grade, mechanically-alloyed powders have shown that by using a eutectic Mn-Si alloy as a sintering aid, a proper densification and homogeneous distribution of the elements in the structure can be obtained [12] [13] [14] .
Summary
Rietveld XRD and TEM analyses were conducted on ASTM F2581 stainless steel powders synthesized by mechanical alloying. It was realized that the as-milled powders consist of the amorphous, ferrite and austenite phases; and annealing under vacuum at 1150, 1200, and 1250°C yields austenitic nanostructures. This study introduces a promising research field, namely ASTM F2581 nanostructures, opening up the clinical development of nanostructured implants in the near future. 
